In animals in which CA was reduced by a variety of maneuvers, observed values for single-nephron GFR were lower than values predicted by the Starling relation, when the latter were calculated assuming that the observed increase in the net driving pressure for ultrafiltration (due to the reduction in II,) was the only factor perturbed.
In all experimental conditions where CA was reduced, rats were invariably observed to be at filtration pressure disequilibrium, permitting calculation of unique values of the ultrafiltration coefficient, &. In all low-CA groups, mean values of & were uniformly lower than values obtained in normoproteinemic control animals. The failure of SNGFR to rise to predicted values when CA is reduced is therefore due to the concomitant reduction in Kf. No morphological basis for this reduction in Kf was discerned. glomerular capillary; glomerular filtration rate; colloid osmotic pressure; glomerular plasma flow rate; capillary hydraulic pressure; capillary permeability THE STARLING RELATIONSHIP applied to the capillaries of the glomerulus predicts that a selective reduction in systemic plasma protein concentration, CA, and thus initial glomerular capillary oncotic pressure, II*, will produce a fall in the oncotic force opposing glomerular ultrafiltration.
The resultant increase in the net driving force for ultrafiltration would thus be expected to evoke increases in whole-kidney and single-nephron (SN) GFR. A quantitative summary of this theoretical, reciprocal relationship between II* and SNGFR is shown in There are, however, several observations suggesting that the relationship between II* and SNGFR may be more complicated than that shown in Fig. 1 . For example, in several studies on the isolated perfused rat and dog kidney in which the colloid concentration of the perfusate was varied, although the expected fall in GFR occurred when perfusate protein concentration was raised from normal to high values, the expected rise in GFR was not found when protein concentration was reduced from normal to subnormal values (6, 22, 27). Furthermore, Klahr and Alleyn (20) have pointed out that in chronic protein malnutrition in man, low values for C, were more commonly associated with reduced, rather than elevated values for GFR. In addition, protein repletion of such subjects regularly resulted in a restoration of GFR. Essentially similar findings have been reported in sheep (28). In the intact dog, Vereerstraeten and Toussaint (31) selectively and acutely reduced C, and failed to observe systematic elevations in GFR in spite of significant falls in C,. These and other similar observations suggested to us that reductions in II* might be evoking some additional effect(s) on glomerular dynamics, which would serve to oppose the expected increase in the net driving force for filtration. The present series of micropuncture and morphologic investigations were therefore undertaken to examine the acute effects of reduction in systemic protein concentration on the determinants of SNGFR and on glomerular structure in the Munich-Wistar rat. Throughout surgery all rats received an intravenous infusion of isotonic NaCl at the rate of 1.5 ml/h. An infusion of inulin in isotonic NaCl was begun 30-60 min prior to study. In all experiments, micropuncture measurements were carried out as follows: for estimation of SNGFR, exactly timed (l-2 min) samples of fluid were collected from surface proximal convolutions of two or three tubules. Coincident with these tubule fluid collections, femoral arterial blood samples, 100 ~1 in volume, were obtained for determination of hematocrit and plasma inulin concentration.
METHODS

Glossary of Symbols
Time-averaged hydraulic pressures were measured in surface glomerular capillaries (I?,,) and proximal tubules (PT) using a continuous recording, servo-null micropipette transducer system (33). Micropipettes with outer tip diameters of 2-4 pm and containing 2.0 M NaCl were used. Hydraulic output from the servo-null system was channeled via an electronic transducer (model P23Db, Statham Instruments, Inc.) to a second channel of the recorder.
To estimate the colloid osmotic pressure (ll) of plasma entering and leaving glomerular capillaries, protein concentrations (C) in femoral arterial (CA) and efferent arteriolar (C,) blood plasmas were measured-as described previously (7 in seven rats (group 4A, 220-370 g body wt). In these rats, exchange transfusion was carried out over 15-20 min, with whole blood being removed slowly from a femoral artery, while blood with an erythrocyte packed cell volume of -30 ~01% and a low total protein concentration (N 1.5 g/100 ml) was simultaneously replaced. About 15-20% more volume was given than removed, thereby preventing the contraction in plasma volume that would otherwise have occurred due to the acute lowering of C,; on average, about 20 ml of whole blood was removed while 24 ml of low-protein, low-hematocrit blood was replaced. After exchange, animals were allowed to stabilize for approximately 30 min; microvascular and single-nephron measurements were made in the subsequent 45-min period. As the control for group 4A, four additional rats (group 4B, 194-228 g body wt) were subjected to a similar exchange transfusion, but in these animals the infused whole blood contained plasma protein concentration of 5-6 g/100 ml, and hematocrit of 50-55 ~01%. As ingroup 4A, approximately 15-20% more volume was given than removed. Blood used for exchange transfusion was obtained on the morning of study by exsanguination of several adult Munich-Wistar rats. In group 4A rats, blood was centrifuged at 1,550 x g for 20 min, most of the plasma was decanted and the red cells were resuspended in bicarbonate-Ringer to a final packed cell volume of about 30 vol %. The resultant protein concentration, derived entirely from isoncotic plasma trapped between red cells during centrifugation, averaged 1.5 g/ 100 ml. In the control (group 4B) experiments, whole blood obtained by exsanguination was not further modified.
Group 5. To determine whether the effect(s) of reduced C, on glomerular dynamics were acutely reversible, the following protocol was employed: In six rats (group 5, 224-270 g body wt) an initial reduction in C, was produced by infusion of bicarbonate-Ringer at the rate of 10% body wt/h for about 75 min; thereafter the rate of infusion was reduced to match urine output, usually about 3.5 ml/h. Inulin in isotonic NaCl was infused throughout at a rate of 1.5 ml/h and all single nephron and microvascular measurements were made in the 45-min period following initiation of the matching infusion. Upon completion of all measurements the bicarbonate-Ringer infusion was stopped and systemic plasma protein concentration was raised to or toward normal values. This was achieved by infusion of concentrated rat plasma proteins (16-18 g/100 ml), given via the right jugular vein, over a period of about 20 min. After an equilibration period of 40-60 min all measurements were repeated, with tubule fluid samples being recollected from the original nephron segments studied. Donor rat plasma was concentrated by centrifugation at 1,400 X gravity for 50 min, in a Centriflo Concentration Cone (type CF25, Amicon Corp., Lexington, Mass.).
Morphological Studies
Renal tissue from three separate groups of rats (seven normal hydropenic controls, six prepared as for group 1 and six prepared as for group 2) was studied by light, electron, and immunofluorescence microscopy. Tissues for light microscopy were fixed in Bouins solution for 24 h and then transferred to 50% ethyl alcohol. Later the tissue was dehydrated, embedded in paraffin, sectioned, and stained with hematoxylin and eosin, or periodic acid Schiff reagent. Tissue for immunofluorescence microscopy was snap-frozen in liquid nitrogen, and cryostat sections were later air-dried, fixed, and stained, as described previously (34). Kidney sections from each rat were studied for deposits of rat IgG and C3. Tissue for electron microscopy was obtained by superficial wedge biopsy before interruption of the renal circulation. The tissue wedge, approximate dimensions 1 x 1 x 4 mm, was immediately transferred to an ice-cold fixative solution, and diced into small fragments.
The total time for this procedure did not exceed 10 s. The fixative solution consisted of 2% phosphate-buffered glutaraldehyde. The tissue samples were later postfixed for 1 h in 1% phosphate-buffered osmic acid, then dehydrated through ~a series of alcohols, washed, cleared with propylene oxide, and finally embedded in Epon 812 (Ladd Research Industries, Burlington, Vt.). Thin sections (500-700 A) from portions of two glomeruli from each rat were stained with uranyl acetate and lead citrate. The stained sections were examined with an Hitachi 11A electron microscope (Perkin-Elmer Corp., Mountain View, Calif.) at a magnification between ~5,000 and x 17,000.
Analytical
The volume of tubule fluid collected from individual nephrons was estimated from the length of the fluid column in a constant-bore capillary of known internal diameter.
The (1) where (TF/P),, and V TF refer to transtubular inulin concentration ratio and tubule fluid flow rate, respectively.
Single nephron filtration fraction:
where C, and CE denote afferent and etferent arteriolar protein concentrations, respectively. Initial glomerular capillary plasma flow rate:
According to the Starling relationship, the rate of ultrafiltration per single glomerulus (SNGFR) is given by the expression:
The ultrafiltration coefficient (K,), the product of surface area (S) and effective hydraulic permeability (k) of the filtering capillaries, is calculated from equation 4 and a differential equation which gives the rate of change of protein concentration with distance along an idealized glomerular capillary. Solution of this differential equation, described in detail elsewhere (15), allows calculation of nGc.
RESULTS
In Vivo Studies
Groups 1 and 2. Individual and mean values for KP and a number of pertinent measures of single-nephron function in groups 1 and 2 are summarized in Tables 1  and 2 , and Fig. 2 . In group 1 (Table l) , isotonic bicarbonate-Ringer loading reduced CA, on average (*SE), to 3.4 t 0.1 g/100 ml. The normal hydropenic value for CA in the Wistar rat for this laboratory is between 5-6 g/100 ml (2, 8, 10, 25, 26, 29), values comparable to those obtained for group 2. The values for IIA calculated from these values of CA are given in Tables 1 and  2 , and Fig. 2 ; it is clear that HA is markedly reduced in group 1, to a mean of 9.3 t 0.4 mmHg, relative to the value of 19.4 t 0.6 mmHg obtained with isoncotic plasma loading in group 2.
Following bicarbonate-Ringer infusion, SNGFR averaged 40.3 t 2.1 nl/min, a value similar to that obtained in the plasma-loaded group 2 animals, which averaged 46.5 _ .
+ 3 7 nl/min (unpaired P value, > 0.10) ( Tables 1 and 2 The average value for L@ of 38 t 1.0 mmHg for group 2 animals was thus significantly higher than that for group 1 (P < 0.005).
Total protein measurements on efferent arteriolar plasma samples yielded a mean of 6.2 t 0.2 g/100 ml after bicarbonate-Ringer infusion (Table 1) ) uniformly lower than thegroup 2 mean value of 8.0 t 0.2 g/100 ml (P < .OOl>. Values for HE calculated from these protein concentrations are given in Tables 1 and 2 , and Fig. 2 . As shown, HE was less than AP in each rat in groups 1 and 2, denoting failure to achieve filtration pressure equilibrium; the mean ratio of IlE/AP (Tables 1 and 2 ) for both groups was significantly less than unity (P < O.OOl), whereas values approximating unity have been found to be the rule in normal hydropenia in this laboratory (2, 9, 10, 25, 26, 29). Under conditions of filtration pressure disequilibrium, i.e., when IlE/AP < 1, it is possible to calculate a unique value for the ultrafiltration coefficient, K, (17). For group 1 rats in which CA was reduced to low levels, Kf averaged .038 t .003 nl/(smmHg), significantly less than the average obtained for the control group2 rats, .065 t .008 nl/(smmHg) (P < 0.005 Group 3. The degree of hypoproteinemia induced by administration of dextrose in hypotonic NaCl was similar to that achieved ingroup 1 rats, values for CA, and thus l-IA, averaging 3.6 t 0.2 g/100 ml and 10.0 t 0.6 mmHg, respectively (Table 3 and Fig. 2 Values for SNGFR were likewise typical of normal hydropenia, averaging 30.3 t 2.7 nl/min. The effects of dextrose-saline loading on &c and PT were similar to those seen ingroup I rats, averag% 48 t 1.5 and 17.0 + 0.4 mmHg, respectively; thus, AP averaged 31 t 1.6 -mmHg. Values for C, and I& averaged 6.4 t 0.4 g/100 ml and 22.7 t 2.3 mmHg. Given this inequality between I& and dp in each rat in this group, unique values for Kf were calculated and averaged .036 t .005 nl/(s l mmHg) (Table 3 and Fig. 2 ). Thus, a relatively large value for p uF, averaging 15.0 t 1.8 mmHg, was achieved, the consequence entirely of the reduced values for II*, as with group I rats. Table 4 (group 4A) and Fig. 3 . These data are compared with those obtained from a separate control group of four rats (group 4B), in which exchange transfusion was designed not to reduce CA. In group 4A, CA was uniformly lower than in 4B, averaging 3.9 t 0.2 g/100 ml, compared to 5.7 * 0.1 g/100 ml (unpaired P value, < 0.001). The corresponding values for II* are shown in Table 4 and Fig. 3 . Values for SNGFR, QA, and SNFF, given in Table 4 , do not differ statistically between the low C, and control groups, although there was a tendency for all three quantities to be slightly higher in the low-C, animals. Furthermore, these quantities are similar to those obtained in normal hydropenia (2,3,8,  10, 25, 26, 29) . Mean values for I&, Pr, and thus D did not differ statistically between low CA and control rats (Table 4 and Fig. 3) . Values for C,, however, were lower ingroup 4A (averaging 6.7 t 0.3 g/100 ml) than ingroup 4B (8.6 t 0.1 g/100 ml&P < 0.005). In group 4A, IIE was always less than AP, denoting filtration pressure disequilibrium. All four control rats (group 4B), however, were at filtration pressure equilibrium (Table 4 and Fig. 3 ). Calculation of unique values for Kf was, therefore, possible only in the low-C* group, and averaged .041 * .005 nl/(s l mmHg). For each control animal, at filtration pressure equilibrium, it was only possible to calculate a minimum value for Kf, because of uncertainty in determining the exact AII profile and thus the exact value for P,, (15). However, as shown in Table 4 and Fig. 3 , the mean minimum value for Kf in group 4B averaged .059 nl/(s l mmHg), considerably higher than that of rats in group 4A. The mean value for &,, in the reduced C, group was relatively high, averaging 15.1 t 1.2 mmHg, whereas the mean maximum value for I?,, estimated in the control group was 8.2 mmHg. Once again, values for CA were inversely correlated with P uF, and varied directly with Kf .
Group 5. Table 5 and Fig. 4 summarize individual and mean values obtained in six rats, initially during acute reduction in CA, and again after elevation in C, to or toward normal hydropenic levels. In the initial period of isotonic bicarbonate-Ringer loading, CA was low in each rat, averaging 3.5 t 0.1, g/100 ml and markedly. lower than in the second study period when C, averaged 5.2 t 0.1 g/100 ml (P < 0.001). Corresponding values for II* are shown in Table 5 and Fig. 4 together with values for SNGFR, SNFF, QA, PGC, PT, and HE, which were essentially the same, on average, as in group 1 rats.
After infusion of concentrated rat plasma, and thus restoration of CA, values for SNGFR and QA rose, the latter more than the former, hence the decline in SNFF. P,, likewise increased significantly, to a mean of 58 * 1.5 mmHg (P < O.Ol), whereas PT remained essentially unchanged.
Values for L@ in the low-C* period averaged 34 t 0.5 mmHg, whereas in the second study period AP, on average, was significantly higher, 41 ~fr 0.9 mmHg (P < 0.005). Filtration pressure disequilibrium, i.e., l&/&P < 1, obtained during both periods, permitted estimation of &. As shown in Table  5 , values for Kf were uniformly lower in the first study period, averaging .035 t .002 nl/(s l mmHg). Upon restoration of CA, Kf increased in each of the six rats studied, to a mean of .060 t .005 nl/(s l mmHg) (P < .005).
Morphological Studies
Renal tissue from all three groups of rats (control, seven rats; bicarbonate-Ringer infused, six rats; plasma infused, six rats) were found to be largely unremarkable.
A very slight increase in polymorphonuclear leukocytes was found in the glomeruli of plasma-infused rats. By light, electron, and particularly by immunofluorescence microscopy, slightly more proteinaceous debris was present in the glomerular capillary lumens of the isoncotic-plasma-infused rats than the Ringer-infused rats. Minimal and variable degrees of foot-process fusion were seen in rats from all three groups, unrelated to their treatment. Cross sections through the walls of representative glomerular capillaries from each of the three groups examined by electron microscopy are depicted in Fig. 5 . No morphological differences were discerned by electron microscopy or the other techniques used that could distinguish the two groups of infused rats from the control group or from each other.
DISCUSSION
The motivation for the present study derives in part from observations on the isolated perfused kidney preparation of the dog and rat, in which reduction in perfusate protein concentration, and thus IIA, failed to increase whole kidney GFR in the manner predicted by the Starling relation (6, 22, 27). One possible explanation for the failure of GFR to increase in this setting might involve a concomitant fall in mean transcapillary hydraulic pressure difference, KP. Such an effect would tend to oppose a fall in II*, thereby resulting in little overall change in the net driving force for ultrafiltration, APUF. A fall in a might result from a rise in PT, the latter due to the brisk natriuresis and diuresis known to attend reduction in postglomerular plasma protein concentration, both in the intact animal and in the isolated perfused kidney preparation (7, 11, 14, 22, 35). Elevation in PT has been shown to regularly occur in a variety of states in which urine flow rate is high (3, 5, 9, 19). An alternative or additional explanation for the putative fall in AP might involve a fall in mean glomerular capillary hydraulic pressure. In the present series of experiments carried out in the Munich-Wistar rat it has been possible to assess the effects of reductions in II* on all of the forces governing glomerular ultrafiltration, including &I? For rats in groups 1 and 3 in which CA was reduced acutely, D was likewise reduced, relative to control values (group 2) or values typically observed in normal hydropenia.
Nevertheless, this fall in D was not the major factor accounting for the failure of SNGFR to increase to the extent predicted. Instead, mean values for FUF in groups 1 and 3 were found to be higher than in group 2 control rats, and higher than values previously estimated for normal hydropenia (2, 8, 10, 25, 26, 29) . Therefore, the failure of SNGFR to rise to the extent predicted in the low-C* groups could only have resulted from the reductions in Kf shown in Tables 1 and 3 , and Fig. 2 . These same conclusions were found to hold for group 4A and for the low-C, period in group 5 -namely, that the failure of SNGFR to rise to values higher than observed, despite reductions in CA, and thus elevation in &, was mainly the consequence of concomitant reductions in Kf. In the present study all the maneuvers by which CA was lowered were associated with varying degrees of volume expansion, thus complicating the theoretical relationship between C, and SNGFR, since initial glomerular plasma flow rate was also varied in many of the experiments.
Integration of the various determinants of SNGFR was therefore undertaken using the mathematical model formulated by Deen et al. (15) . Thus, as shown in Table 6 , observed mean values for SNGFR in each of the low-C* groups are compared with those calculated from measured mean values of $A, CA, CE, A summary of the relationship between Kf and C, obtained for all groups of rats in the present series of experiments is shown in Fig. 6 . Based on this composite analysis it is evident that Kf is reduced significantly under conditions in which CA is also reduced. While the data depicted in Fig. 6 give the impression of a relatively linear relation between Kf and CA, such a conclusion may be erroneous since the data tend to cluster at either low or normal values of C,. Indeed, that this relationship may be nonlinear is suggested by previously published observations from this laboratory (10). In this earlier study a smaller load of isotonic bicarbonate-Ringer solution than that given in the present study resulted in depression of CA to a mean value of 4.6 t 0.2 g/100 ml. At this mean value of CA animals remained at filtration pressure equilibrium. The calculated minimum value for Kf in these slightly hypoproteinemic animals was not reduced, being similar to the mean minimum Kf calculated for an isoncotic plasma-loaded control group in the same study in which CA averaged 6.0 t 0.1 g/100 ml. This observation implies that reduction in Kf may only occur when C, is reduced to below -4.0 g/100 ml (hence IIA < -11 mmHg).
Apart from the obvious relationship between Kf and CA2 shown to exist in the present study, there was also a tendency for Kf to vary directly with both D and QA. That the relationship between Kf and n was fortuitous rather than causal is suggested by inspection of Fig. 7 , which summarizes results of other studies from this laboratory (2, 17, 26). As illustrated, values for AP over a range from 30 to 45 mmHg (similar to the range encountered in this study) were associated with random rather than systematic variations in Kf, failing to support a dependence of& on AP. The relationship between Kf and QA in the present study is likewise viewed as fortuitous, since Kf has been shown to be essentially invariant with changes in QA when the latter has been varied deliberately over a wide range (2, 13, 17), as ' ternatively it is possible that the fall in Kf might have been associated with biochemical rather than structural changes in one or more of the components of the glomerular wall, not discernible morphologically. In regard to this possibility the recent work of Nizet (27) on the isolated dog kidney is of interest.
He observed that when perfusate oncotic pressure was raised from low to normal values with albumin, the predicted fall in GFR failed to occur. However, when dextran was used to alter perfusate oncotic pressure over a similar range, the expected fall in GFR was found. These observations suggest that the dependence of Kf on perfusate oncotic pressure may be specific for plasma proteins, rather than a property of colloids generally.
However, since glomerular pressures and flows were not measured in Nizet's experiments, it is possible that perfusion of the kidney with dextran solution was associated with a lower value for AT than occurred in the albumin-perfused kidneys, thus accounting for the reduction in GFR observed during dextran perfusion. As part of the present studies, an attempt was made to define a possible morphological basis for the low-C*-dependent reduction in Kf. As shown in Fig. 5 Whether some alternative physicochemical interaction occurs between circulating Eolloid(s) and the ultrafiltering membranes, perhaps influencing the gel matrix of these membranes, cannot be ascertained from the results of the present study. QA nl/min
The experimental demonstration of the dependence of Kf on II* in the present study is given additional support 
